Glacial retreat and the thawing of permafrost due to climate warming have altered the hydrological cycle in cryospheric-dominated watersheds. In this study, we analysed the impacts of climate change on the water budget for the upstream of the Shule It is suggested that the impact of warming will overcome the effect of precipitation increase on run-off in the study area. Further studies such as this will improve understanding of water balance in cold high-elevation regions.
It is suggested that the impact of warming will overcome the effect of precipitation increase on run-off in the study area. Further studies such as this will improve understanding of water balance in cold high-elevation regions. influenced by glacier and snow melt water (Immerzeel, van Beek, & Bierkens, 2010; Sorg, Huss, Rohrer, & Stoffel, 2014 (Liu, Ding, Li, Shangguan, & Zhang, 2006; T. D. Yao, Qin, Shen, Zhao, & Wang, 2013) . Because of the shrinking cryosphere over the past decades (Kang et al., 2010 (Kang et al., , 2015 Wu & Zhang, 2008; T. Yao et al., 2012) , the Tibetan Plateau is considered to be one of the most sensitive indicators of climate change in China (K. Yang et al., 2011) . Changes in temperature and precipitation over the past decades were expected to significantly affect the cryospheric balances and the hydrology of headwater catchments on the Tibetan Plateau (Duethmann, Peters, Blume, Vorogushyn, & Güntner, 2014; H. Gao, Ding, Zhao, Hrachowitz, & Savenije, 2017; T. Gao, Zhang, Lin, Kang, & Sillanpää, 2016; K. Yang et al., 2011; W. Zhang, Yi, Song, Kimball, & Lu, 2016) .
Therefore, systematic understanding of implications for the water budget in cryospheric watersheds is a key issue. It is not only helpful for understanding the response of the Tibetan Plateau hydrological cycle to climate change, but is also beneficial for water resource management in the Alpine regions.
The components of the water budget on the watershed include precipitation, discharge, evaporation, and water storage change, including changes in snow water equivalent, soil water and groundwater ( Figure 1 ). Previous studies indicated that ground meteorological observations showed distinct warming (>2.0°C) over the Tibetan Plateau during the last half century, whereas precipitation did not change much over the same period (K. Yang et al., 2014) . The watersheds on the Tibetan Plateau also include glaciers and permafrost which are particularly sensitive to climate change. Since the 1990s, the majority of glaciers have retreated rapidly and glacier mass loss has been dramatic with primary impact on the discharge of glacier-fed rivers (Bolch et al., 2012; H. Gao, He, Ye, & Pu, 2012; T. Yao et al., 2004 T. Yao et al., , 2012 . Barnett, Adam, and Lettenmaier (2005) indicated that vanishing glaciers would reduce water supply in the glaciated regions of the Tibetan Plateau.
However, Su et al. (2016) indicated that the contribution of meltwater to discharge of major rivers differs fundamentally under different precipitation regimes on the Tibetan Plateau. In the upper Brahmaputra, for example, the total discharge would increase by 2.7-22.4% in the long term due to a combination of increased rainfall-induced discharge and increased glacier melt, and more than 50% of the total discharge increase is attributed to the increased glacier melt in the long run in the upper Brahmaputra. Therefore, glacier mass balance and glacier discharge both significantly affect catchment hydrology by temporarily storing and releasing water on various time scales.
Permafrost is also sensitive to the global climatic change (G. Wang, Hu, & Li, 2009; Ye, Yang, Zhang, & Kane, 2009) . The Tibetan Plateau is the only region of the world where permafrost exists in the midlatitudes. Previous studies have indicated that thawing in areas with an active layer depth of up to 60 cm contributed to an increase in discharge, however, once the active layer has increased beyond 60 cm, any more thawing led to a decrease in surface run-off and made the recession process slow (G. Wang et al., 2009 ). The suprapermafrost groundwater discharge decreases exponentially with active layer frozen processes during the autumn period when run-off recedes, whereas the ratio of groundwater discharge to total discharge and the direct surface discharge coefficient simultaneously increase (G. Wang, Liu, & Liu, 2012; G. Wang, Mao, Chang, Song, & Huang, 2017) . As a special regional aquitard, permafrost obstructs or significantly weakens the spatiotemporal hydraulic connection between groundwater and surface water, it plays a decisive role in the formation of cold groundwater, transport processes, and the pattern of distribution of groundwater and its pathways (H. Gao, Han, Zhao, & Liu, 2016; Niu et al., 2016; Qin et al., 2017; Y. Zhang, Chen, & Riseborough, 2008) . Therefore, permafrost has significant effects on surface discharge, soil water content, and the groundwater contribution, which together, induced the significant changes in the water budget.
Evaporation is also a critical process that determines the terrestrial water budget and water cycle. It is however one of the most difficult components in the hydrological cycle to measure. Many regional studies have demonstrated that different measures of evaporation have showed different changes (Lawrimore and Peterson; Hobbins, Ramírez, & Brown, 2004) . Some studies just focused on potential evapotranspiration (ET; or pan evaporation) on the Tibetan Plateau (X. M. Liu, Zheng, Zhang, & Liu, 2011; Y. Q. Zhang, Liu, Tang, & Yang, 2007) . Only recently, a number of estimates based on the PenmanMonteith method have become available on the Tibetan Plateau (S. Chen, Liu, & Thomas, 2006; K. Yang et al., 2011; W. Zhang, Yi, et al., 2016) . In summary, the climate change has lead to rapid changes in the cryospheric environment during recent decades on the Tibetan Plateau. Changes in glacier mass balance, thickening of the active layer, and increasing permafrost temperature all influenced the water budget on the Tibetan Plateau (Kang et al., 2010; Niu et al., 2016; G. Wang et al., 2012; T. Yao et al., 2012 Figure 2a ). The Shule River Basin is one of three largest inland rivers of China, located at the western end of the Hexi Corridor in northwestern China. It flows from southeast to northwest, and is approximately 670 km long (Chang, Ding, Zhao, & Zhang, 2016) . The upper basin study area includes all areas above the Changma hydrological station located in the northwest (Figure 2a ). The basin area is 1.14 × 10 4 km 2 , and the areas of glacier and continuous permafrost are 549 km 2 and 9,447 km 2 , which account for 5% and 83%, respectively (Sheng, Li, Wu, Ye, & Wang, 2010) . The elevation ranges from 2,100 to 5,637 m a.s.l.
( Figure 2a ). The study area contains the main area of water conservation and flow for the whole Shule River Basin. The spatial distribution map of frozen soil ( Figure 2b ) was developed using the classification rules of G. D. Cheng and Wang (1982) using mean annual ground temperature (MAGT) data (Sheng et al., 2010) : extreme stable permafrost (MAGT < −5°C),stable 
| GRACE data
The total water storage change is a key component in the hydrological cycle. The Gravity Recovery and Climate Experiment (GRACE) satellite provides data that can be used for analysing total water storage change (Deng & Chen, 2016; Long, Longuevergne, & Scanlon, 2015;  M. Rodell, Famiglietti, et al., 2004; Strassberg, Scanlon, & Rodell, 2014; Syed, Famiglietti, Rodell, Chen, & Wilson, 2008; T. Yang, Wang, Yu, & Xu, 2013 (Geruo, Wahr, & Zhong, 2013) . Correlated noises (N-S stripes) were removed from coefficients which used a fifth-order polynomial, it was fitted as a function for each odd or even set for a given order (Swenson & Wahr, 2006) . Finally, the Gaussian averaging filter, with a smoothing radius of 300 km, is applied to calculate the total water storage change. These processed spherical harmonic coefficients were finally transformed into 1°reso-lution grids data.
Due to the sampling procedures and postprocessing of GRACE observations, surface mass variations at small spatial scales tend to be attenuated. Therefore, the GRACE data should multiple the land data by the provided scaling grid. The scaling grid is a set of scaling coefficients, one for each 1°bin of the land grids, and are intended to restore much of the energy removed by the destriping, Gaussian, and degree 60 filters to the land grids (Landerer & Swenson, 2012) .
| Data masking for the study area
The spatial resolution of GRACE and GLDAS data are 1°× 1°in regular grid shape. However, the study area does not match with these grids. The area of intersection of each GRACE/GLDAS grid cell with the watershed is estimated. The weight and estimation of GRACE/GLDAS are calculated by:
where W i is the weight of grid cell i; a i is the area of the watershed in the grid cell i with the GRACE/GLDAS data grid; g i is the area of 1°× 1°GRACE/GLDAS grid cell; V N is the value of data of month N for the entire watershed; v i is the value of the data of grid cell i; A is the total area of the watershed; and n is the number of the GRACE/GLDAS grid cells at least partially falling within the watershed.
| Estimation of evaporation
Because actual evaporation is difficult to acquire on the Tibetan 
where ET is the reference ET (mm d
), R n is the net radiation (MJ m RH is the relative humidity, and P is the air pressure (KPa).
| Estimation of total water storage change and groundwater variations using the water balance equation
Water budget estimates of total water storage change can be calculated by water balance:
where ΔW is the total water storage change in the watershed (Z. Li, Wang, Zhang, Wang, & Li, 2010; Woo, Yang, Xia, & Yang, 1994) ; P is the precipitation in watershed, which can be estimated by calculating the precipitation gradients from nearby National Meteorological
Stations in combination with their altitude; E is the evaporation calculated by Equations 2-7; and R is the run-off of watershed (measured as discharge).
GRACE-observed data represent the total change of terrestrial water storage, which include contributions from water storage changes in surface snow, subsurface soil, and groundwater (J. Chen, Li, Zhang, & Ni, 2014a , 2014b Xiao, He, Zhang, Ferreira, & Chang, 2015) . Therefore, when surface water storage change (in soil and snow) is known, the groundwater can be obtained after subtracting the GLDAS surface total water storage from the total water storage change derived by GRACE (Jin & Feng, 2013 
Where ΔW is the total change of total water storage change which can be retrieved by GRACE data, ΔGW is groundwater change, and ΔSM and ΔSWE are the changes of soil moisture and snow water equivalent, which can be simulated from land surface hydrological models, herein, GLDAS.
| Calculation of glacial discharge in long term
Glacial discharge is defined as the discharge solely from glaciercovered areas (Z. Li et al., 2010) . The components of run-off at the hydrological station ( Figure 2a ) can be described as the following equation:
where R a is the glacial discharge, R is the total discharge measured at the station, and R b is the nonglacial discharge in the study area. R b can be calculated by the following expression:
where P is the precipitation in the catchment area (mm), A w and A g are the areas of the total watershed and of the glacier (m 2 ), respectively. α is the discharge ratio, which represents the ability of run-off production; it is calculated by run-off and precipitation. We set several small sub-watersheds in different underlying in our study area (Figure 3) , and the run-off and precipitation were observed in these subwatersheds in field work by rain gauge and HOBO water-level gauge.
The average α was calculated by these data. The observed average value of α in the study area is 0.21. Previous studies indicated that α was 0.18 in mountain regions of the northeast Tibetan Plateau (R. Chen et al., 2014; Zhu, 2008) . α in the study area is higher than in other watersheds, which also include the same underlying. The main reason is that precipitation is lower in our study area, and this tends to create a higher discharge ratio.
| Glacier mass balance calculated on the watershed scale
Because monitoring glacier mass balance over the long-term can be difficult, especially over remote mountains, field observations are often combined with modelling to determine the glacier mass balance.
Previous works have indicated that precipitation and run-off have negative exponential relationships with the relative areas occupied by glaciers on the watershed scale in the western mountains of China (Shen, Xie, Ding, & Liu, 1997) . Precipitation, run-off, and run-off coefficients exhibit maximum values in watersheds with high glacier surface area. On the basis of the statistical mechanics and maximum entropy principle model, formulas for calculating glacier mass balance in watersheds with hydrological and meteorological observations are as follows:
where R g , P g , and α g are the average depth of the run-off, precipitation, and run-off coefficient on the glacier, respectively; R, P, and α are the average depth of the run-off, precipitation, and run-off coefficient in the watershed as a whole, respectively; R 0 , P 0 , and α 0 are the minimum values of the run-off, precipitation, and run-off coefficients in the watershed, respectively; F g is the area covered by glaciers in the watershed, and F is the area of the watershed (Shen, Liu, Zhen, Wang, & Liu, 2001 ).
According to the principle of water balance, the ratio between the glacier run-off and watershed run-off observed at hydrological station (K GR ) is therefore:
where α B is the run-off coefficient for a bare region, which can be calculated as follows:
The ratio of precipitation at the hydrological station to precipitation on the glacier (K GP ) can be calculated as follows:
where P h is the average annual precipitation at the hydrological station. In our study, observations of precipitation in the watersheds or at the hydrological stations are not available. However, the study area is located in the Qilian Mountains where precipitation increases with altitude (J. F. Liu, Chen, Qin, & Yang, 2011) . Therefore, precipitation in the watershed can be estimated by calculating the precipitation gradients from nearby National Meteorological
Stations in combination with their altitude. The precipitation lapse rate is 4.6 mm/100 m at elevations representative of our study area (J. F. Liu, Chen, et al., 2011) .
On the basis of the glacier mass balance principle, glacier mass balance can be calculated as follows:
where C i (mm) is the annual glacier accumulation in the watershed, A i (mm) is the annual glacier ablation, B i (mm) is the annual glacier mass balance in the watershed, P hi (mm) is the precipitation at the hydrological station, and i represents the year during the study period.
| Analyse the effects of permafrost on hydrological regime
Given the difficulty in surveying permafrost degradation across a basin, it is difficult to investigate directly the influence of permafrost degradation on the streamflow. The ratio between the maximum run-off and minimum run-off directly links stream flow regime with basin permafrost coverage (Ye et al., 2009) . In this study, we used the ratio of [Q max /Q min ] and the minimum flow to indirectly reflect changes in basin permafrost. The ratio of monthly flows between consecutive months, or monthly recession coefficient (RC), was used to quantify measure of recession processes.
| Mann-Kendall monotonic trend test
The Mann-Kendall monotonic test was applied to detect trends in hypothesis testing of hydrometeorological time series, which is FIGURE 3 Observations of discharge ratio in sub-watersheds of study area without specifying whether the trend is linear or nonlinear (Kendall & Stuart, 1973) . In the Mann-Kendall monotonic trend test, the null hypothesis (H 0 ) assumes that there is no significant increased or decreased trend in the time series, whereas the time series has a significant variation trend based on the alternative hypothesis (B. F. Li, Chen, Chen, & Li, 2012; Ling, Xu, & Fu, 2013) . The test statistic (S) is described by the following equation:
x i is a time series from i = 1, 2, 3...n − 1, and x j is another time series from j = i + 1,., n, x j is greater than x i , n is the data set record length.
Each point x i is used as a reference point of x j , the results are recorded as sgn (θ):
If the data set is identically and independently distributed, then the mean of S is 0 and the variance of S is as follows:
Where n is the length of the data set, t is the extent of any given tie, and represents the sum over all ties. Then, the test statistic is given as Z c. For a long time series, statistical value S can be transformed into Z c , the calculation equation is as follows: indicates that the sequence has an increased trend, whereas a negative Z c reflects a declining trend (Kendall & Stuart, 1973) . Besides identifying whether a trend exists, the Kendall inclination is usually used to detect the monotonic trend. The magnitude of trend can be defined as follows:
where 1 < j < i < n, positive β indicates an increased trend, and negative β indicates a decreased trend. (Table 2 ). The precipitation increase rate is 13.5 mm/ 10 years (Table 2) . Annual precipitation has increased by around The increasing rates of precipitation in summer, autumn, and winter were 11.2, 3.9, and 0.1 mm/10 years, respectively. Except in winter, the increasing rates in other seasons exceeded the significance level of 0.01 (|Zc| > 2.58). The mean annual precipitation in spring, summer, autumn, and winter are 47.0, 204.1, 38.6, and 3.6 mm in the Tuole station.
| Discharge variation and contribution of glacier discharge to river flow
The Mann-Kendall monotonic trend of discharge is shown in Figure 6 a. It can be seen that during 1957-2010 the discharge is in significant increasing trend at a test level of 0.01 in the upstream of the Shule River Basin (|Zc| > 2.58; Table 3 ). The increasing rate of discharge exhibiting an increasing trend. The impact of glacier discharge on river flow has increased, the cumulative annual river flow and glacier discharge anomalies indicated that 1996 is a key year, when a strong decreasing trend shifted to a strong increasing phase (Figure 6c ). The decadal statistics showed that glacier discharge continued to increase ( . The
Glacier discharge during the 2000s is 44.7% of the total discharge, whereas it accounted for 34.4% of the total river flow from 1957 to 2010. The minimum percentage of glacier discharge occurred in 1980s, however, the minimum glacier discharge occurred in 1960s (Table 4 ).
| Glacier mass balance variation
In the glacierized watershed, the glacier mass balance reflects the response of glacier movement to climate change and also controls changes in stream flow and glacier variations during periods of abla- Cumulative mass balance reached −3,370 mm over the study period.
The mean annual glacier mass balance was positive in 1980s with 14.9 mm, whereas in the 2000s, the most negative value occurred; the mean annual glacier mass balance reached −226.2 mm (Figure 6a ). The impact of glacier mass balance loss on river flow was more evidently after 2000. 0.01 (|Zc| = 4.92 > 2.58), showed that the annual ET increased significantly with fluctuations (Table 5 ). The ET increasing rate was (Table 5 ). However, increasing trends just in summer and autumn were significant with a significance level of 0.01, which reflected the seasonal differences in ET trend. The values of ET were 67.7, 171.4, and 55.3 mm in spring, summer, and autumn, respectively.
| Evapotranspiration (ET) variation
It was quite low in winter, the annual mean ET was 5.7 mm.
4.5 | Estimate total water storage change and groundwater variations Figure 9a shows the total water storage change estimated based on the water balance in the upstream of the Shule River Basin (Equation (8)). The total water storage change calculated by water balance showed an obviously decreasing trend with a rate of 0.788 mm/year.
Although the changes of precipitation and ET were also evident increase, their amplitudes of variation were far less than increase of discharge. The result indicated that continuously increasing discharge The changes in groundwater were estimated by the difference between GRACE-derived total water storage change and simulated soil water content change (Equation (9) permafrost has underwent degradation in the study area as climate warming (Yi et al., 2011) . in winter. The value of the GRACE-derived total water storage change was positive from July to November, and it showed negative value in other months. The soil water content change from GLDAS showed positive value from September, and in other months the value was negative. The groundwater has the longest positive value from May to November, and the maximum value occurred in July (13.73 mm).
Both maximum and minimum value of the soil water content change lagged total water storage change 1 month. The positive peaks of the GRACE-derived total water storage change, GLDAS-soil water content change, and groundwater in summer was due to abundant recharge from meltwater from glaciers and precipitation.
5 | DISCUSSIONS 5.1 | The influences of climate change on glacier mass balance, glacier discharge, and total discharge
Temperature and precipitation changes affected differently on glacier mass balance. Precipitation increased enhance accumulation and temperature warming enhanced ablation (Ye et al., 2005) . The negative glacier mass balance caused by higher ablation than the accumulation was associated with precipitation increase and temperature warming over the study area. The fluctuation of total run-off depth was not consistent with glacier mass balance before 1990s (Figure 7) . The glacier mass balance in the study area was determined by both precipitation and temperature before 1986 (R 2 = 0.2111, p < 0.05), whereas after 1986, it is mainly controlled by the temperature (R 2 = 0.4914, p < 0.05), even under a high-precipitation regime (Figure 10 ). The results implied that the effect of warming overcame the influence of precipitation increase in the upstream of Shule River Basin.
The variation of glacier mass balance reflects the budget of the glacier system. Higher ablation than accumulation induced the negative mass balance. Regression analysis showed that glacier discharge and total discharge were obviously negatively correlated with glacier mass balance (Figure 11 ). The correlation of glacier discharge and total discharge with glacier mass balance gave an R coefficient of −0.9389 and 0.5813 (p < 0.01), respectively. This relationships between glacier discharge, total discharge, and glacier mass balance were reasonable, as a more negative mass balance led to a larger amount of glacier melt which led larger total discharge. The variation of glacier discharge was controlled mainly by the fluctuation of glacier mass balance. Glacier discharge significantly increased as a result of temperature increases.
The climate regime shifted from cold-dry to warm-wet, occurring around 1995. Table 6 listed the average precipitation, air temperature, glacier mass balance, glacier discharge, and total discharge during 1957-1994 and 1995-2010 in the study area. Glacier discharge increased by approximately 23.6 mm (2.60 × 10 8 m 3 ), about 95.2%, whereas precipitation increased by 27.1 mm (9.5%), and there was a . The total cumulative glacier mass balance from 1957 to 2010 was −3,370.6 mm, equal to a 60.33 × 10 8 -m 3 contribution to river discharge, which was about 6.3 times the annual discharge at gauging station. The changes of hydrological regime in the region was not only linked to the climate changes, but also impacted by glacier conditions, which further emphasized that glacial meltwater is very important as a local water resource.
| Effects of permafrost on hydrological regime
The permafrost affected the spatial-temporal hydraulic connection between the groundwater and surface water, and it played a decisive role in the formation of groundwater, the transport processes, and the pattern of distribution of groundwater and its pathways (Woo et al., 2008) . Figure 12 shows the monthly maximum, minimum depth of 
FIGURE 10
The relationship between glacier mass balance and temperature during (a) 1957 (a) -1986 (a) and (b) 1987 The relationship between glacier discharge and glacier mass balance in the study area Lammers, 2007). Therefore, the variation of R max /R min ratio in the result indicated that the basin storage and the mechanism of discharge generation have changed.
It is difficult to survey permafrost change over large regions. As no other liquid water supply to the rivers discharge in cold regions during cold periods, disappearance of permafrost or thickening of the active layer increased groundwater storage capacity, which enlarged groundwater regulation and slows recession (Niu et al., 2016) . Groundwater storage capability can be described as the RC, which is the ratio of monthly discharge between consecutive months (Ye et al., 2009) . The mean monthly RC in the study area ranged from 0.57 in early autumn (October/September) to 1.01 in later winter (January/December), indicating fast recession in early autumn and slow in late winter. The time series of RC showed increasing trend in October/September and January/December, whereas a decreasing trend in November/October and December/November ( Figure 13 ).
Permafrost change has induced the changes of discharge recession, which is generally a process of storage and release. Winter discharge increased as covered by permafrost. On the other hand, thin permafrost had greater impacts on ice formation during the freezing season and greater impacts on the base flows during the thawing season, and the mutual influences of groundwater and surface waters were significant in the permafrost regions (T. Gao, Zhang, et al., 2016; Qin et al., 2017; . The ratio of groundwater discharge to total discharge and the direct surface discharge coefficient simultaneously increased during summer (G. Wang et al., 2012 Wang et al., , 2017 . The run-off increased more obviously in summer (Table 3) . Ground warming led to higher permeability and wetter aquifers in the permafrost. The increase and thickening of the active layer could lead to the greater infiltration of surface water into the groundwater, and then resulting in increased total run-off.
| Total water storage change driven by climate factors and its effects on discharge
Climate change is an important factor affecting total water storage change variations. There was a significant negative correlation between annual total water storage change and annual temperature (Table 7) . The annual temperature increase lead to total water storage change decrease. In summer and winter, the correlation also showed negatively, it was more obvious in winter, whereas the correlation was positive in spring, which means higher temperature induce higher total water storage change. The soil water content change simulated by GLDAS had a positive correlation with temperature in autumn and a negative correlation in winter, but no significant correlation was observed in annual temperature and other seasons. The total water storage change had significant positive correlations with precipitation in winter and negative correlation in spring (Table 8 ). The soil water content change showed a negative correlation with precipitation in spring, and the correlation was positive in summer, autumn, and winter. The annual and seasonal total water storage change were mainly controlled by temperature variation, whereas the soil water content change was controlled by precipitation variation. At the annual scale, anomalies in the three hydrological variables show different relationships with total run-off anomalies in the upstream of the Shule River Basin (Figure 14) , both total water storage change and groundwater had a strong negative correlation with total run-off anomalies with R 2 of 0.7891 and 0.4077, respectively, but no significant correlation was observed between soil moisture and total run-off anomalies. Specifically, changes in annual total water storage change and groundwater change explain 79% and 41% of the changes in annual run-off, respectively, suggesting a strong hydrological control on water budget in surface discharge in the upstream of the Shule River Basin.
| Sensitivities of discharge under different climate scenarios
As the discharge in cryospheric watershed was influenced by precipitation and temperature. Regression analysis and statistical tests proved that temperature in ablation season (May-September) and annual precipitation were the governing factor affecting the discharge.
Both precipitation and temperature showed well linear relationship with discharge (Table 9) . First, liner relation between discharge and precipitation and temperature was established (Equation (3) in Table 9 ). However, in consideration of the nonlinear relations between hydrology and water resources system and climate change, a form of continual product of power function was used to describe the relations among run-off depth, precipitation, and ablation season temperature in the upstream of the Shule River Basin. Nonlinear model had better relationship than linear relationships in the region. Figure 15 shows the comparison of observation and simulation by Equation (4) in Table 9 , which illustrate the satisfactory accuracy of this equation.
Climate sensitivity tests are performed to investigate changes in discharge as a result of ablation season temperature and annual precipitation changes using a delta-change method in the study area. 
FIGURE 14
Relationships between (a) total runoff and GRACEderived total water storage change, (b) total runoff and soil water content modelled by GLDAS, (c) total runoff and groundwater Previous study suggested that annual precipitation annual temperature in the whole Tibetan Plateau were generally projected to increase by 5.0-20.0% and 1.2-4.0°C in the long term under scenarios RCP2.6, RCP4.5, and RCP8.5 (Su et al., 2016) . Therefore, considering the regional characteristics of climatic change, the climate change scenarios are that the precipitation change scenes are 0%, ±5%, ±10%, ±20%, simultaneously, the temperature increases by 0°C, 0.5°C, 1°C, and 2°C, which are together with possible combinations (Table 10) . Table 9 shows the response of run-off to different climate variations by using Equation (4) in Table 8 . The run-off will increase along with the precipitation and temperature increase, and that the increased extents gradually increase along with increased extent of precipitation and temperature. The decreased in precipitation will lead to a reduction in run-off under the same temperature scenarios. However, even in the case of reduced precipitation, an increase in temperature will lead to increased run-off except for precipitation reduction of more than 20% under temperature increasing by 0.5°C. The impacts of temperature are more evident than precipitation. The results suggest that the impact of warming will overcome the effect of precipitation increase on run-off changes in the upstream of the Shule River Basin.
| Uncertainties in estimation of glacier mass balance
The glacier area is one parameter in the calculation of glacier mass bal- balance has displayed a decreasing trend. A more negative glacier mass balance led to a larger amount of glacier melt, which led larger total discharge. The effect of warming overcame the influence of precipitation increase after 1986. Glacier discharge accounted for 34.4% of the total river flow from 1957 to 2010, whereas it accounted for 44.7% after 2000s. Permafrost change also induced the changes of discharge recession which is generally a process of storage and release.
3. The ET showed increasing trend with a rate of 1.34 mm/year. On the basis of water balance, the total water storage change showed an obviously decreasing trend with a rate of 0.788 mm/ year from 1957 to 2010. The total water storage change and soil water content change, which were derived by GRACE and GLDAS, also showed a decreasing trend since 2003. The groundwater increased dramatically after 2006, as permafrost degraded, surface water can infiltrate groundwater, and eventually leak water deep into the ground. Both total water storage change and groundwater change had a negative correlation with total run-off, which suggest a strong hydrological control on water cycle in surface discharge. As ET is almost equivalent to precipitation, the sensitivities of run-off to temperature change is larger than that to precipitation change. The impact of warming will overcome the effect of precipitation increase on run-off changes in the study area. The climate change has lead the changes of cryosphere which induced the changes of water budget in different fractions.
